Benzphetamine is a Schedule III anorectic agent that is a prodrug for d-amphetamine and d-methamphetamine and may have utility as an "agonist" medication for cocaine use disorder treatment. This study evaluated the pharmacokinetic-pharmacodynamic profile of benzphetamine using a drug discrimination procedure in rhesus monkeys. The potency and time course of cocaine-like discriminative stimulus effects were compared for benzphetamine (10-18 mg/kg, intramuscular (IM)) and d-amphetamine (0.032-0.32 mg/kg, IM) in monkeys (n = 3-4) trained to discriminate IM cocaine (0.32 mg/kg) from saline in a two-key food-reinforced discrimination procedure. Parallel pharmacokinetic studies in the same monkeys determined plasma benzphetamine, d-methamphetamine and/or d-amphetamine levels for correlation with behavioral effects. dAmphetamine produced dose-dependent, time-dependent, and full cocaine-like effects, i.e. ≥90% cocaineappropriate responding, in all monkeys without altering response rates. The time course of d-amphetamine's cocaine-like discriminative stimulus effects correlated with plasma d-amphetamine levels. Benzphetamine was 180-fold less potent than d-amphetamine and produced full cocaine-like effects in only 2 of 4 monkeys while significantly decreasing response rates. Benzphetamine administration increased plasma d-methamphetamine (peak at 100 min) and d-amphetamine (peak at 24 h) levels, but the time course of behavioral effects did not correlate with increased levels of benzphetamine, d-methamphetamine or d-amphetamine. These results suggest that benzphetamine yields d-amphetamine and d-methamphetamine as active metabolites in rhesus monkeys, but generation of these metabolites is not sufficient to account for benzphetamine behavioral effects. The incomplete cocaine substitution profile and protracted d-amphetamine plasma levels suggest that benzphetamine may still warrant further evaluation as a candidate pharmacotherapy for cocaine use disorder treatment.
Introduction
Cocaine use disorder remains a significant and global public health problem for which no Food and Drug Administration-approved pharmacotherapies exist (Acri and Skolnick, 2013) . "Agonist"-based pharmacotherapies share pharmacodynamic mechanisms of action with the target abused drug, and this approach has shown potential for cocaine use disorder (for review, see (Herin et al., 2010 , Negus and Henningfield, 2015 , Stoops and Rush, 2013 ). For example, chronic treatment with the monoamine transporter substrate d-amphetamine has demonstrated efficacy to decrease cocaine-maintained behaviors in both preclinical (Czoty et al., 2011; Negus, 2003; Thomsen et al., 2013) and human laboratory (Greenwald et al., 2010; Rush et al., 2010) studies, and in clinical trials (Grabowski et al., 2001; Mariani et al., 2012; Nuijten et al., 2016) . However, the broad clinical deployment of d-amphetamine as a pharmacotherapy for cocaine use disorder treatment has been hindered by undesirable effects that include high abuse liability.
Prodrugs of agonist medications represent one potential mechanism to slow the onset of drug effects, prolong the duration of action, and potentially reduce abuse liability while retaining therapeutic effectiveness of the active metabolite (Balster and Schuster, 1973; Huttunen et al., 2011; Schindler et al., 2009) . For example, the clinically available d-amphetamine prodrug lisdexamfetamine displays a slower onset and longer duration of action compared to d-amphetamine in humans Krishnan, 2009a, 2009b) , rhesus monkeys (Banks et al., 2015) , and rats (Rowley et al., 2012) . In addition, lisdexamfetamine failed to maintain drug self-administration in rats (Heal et al., 2013) , but retained some treatment efficacy to decrease cocaine vs. food choice in monkeys (Banks et al., 2015; Johnson et al., 2016) . Overall, this body of literature supports the conceptual framework of damphetamine prodrug formulations as candidate medications for cocaine use disorder treatment.
Benzphetamine is a Schedule III anorectic agent that yields both damphetamine and d-methamphetamine as active metabolites in humans (Cody and Valtier, 1998) . However, the relationship of benzphetamine behavioral effects to its pharmacokinetics is unknown. To address this issue, the present study used Pharmacokinetic-Pharmacodynamic (PK/ PD) analysis to compare benzphetamine cocaine-like discriminative stimulus effects to plasma benzphetamine, d-amphetamine, and d-methamphetamine levels in the rhesus monkeys. PK/PD analysis has been particularly useful for elucidating the role of active metabolites in the behavioral effects of prodrug formulations, such as lisdexamfetamine (Banks et al., 2015; Rowley et al., 2012) . We hypothesized that benzphetamine would produce full substitution for cocaine with a time course that paralleled generation of d-amphetamine and/or d-methamphetamine as active metabolites. Drug discrimination and pharmacokinetic studies were also conducted with d-amphetamine for comparison to results with benzphetamine.
Methods

Subjects
Studies were conducted in 4 individually housed adult male rhesus monkeys (Macaca mulatta) that had an extensive experimental history behaving under the cocaine drug discrimination procedure (Banks, 2014; Banks et al., 2013; Banks et al., 2015) . Monkeys could earn 1-g banana-flavored pellets (Grain-based Precision Primate Tablets; Test Diets, Richmond, IL) during daily experimental sessions (see below). In addition, monkeys received daily rations of food biscuits (Lab Diet High Protein Monkey Biscuits; PMI Feeds, St Louis, MO) and fresh fruit or vegetables delivered in the afternoons after behavioral sessions to minimize the effects of biscuit availability and consumption on foodmaintained operant responding. Water was continuously available. A 12-h light/dark cycle was in effect (lights on from 0600 to 1800 h). Environmental enrichment, which consisted of movies displayed on a monitor in the housing room and foraging boards loaded with nuts, seeds or diced vegetables, was also provided after behavioral sessions. Facilities were licensed by the United States Department of Agriculture and accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. The Institutional Animal Care and Use Committee approved all experimental and enrichment protocols. Animal research and husbandry were conducted according to the 8th edition of the Guide for the Care and Use of Laboratory Animals.
Pharmacodynamic studies
Pharmacodynamic studies were conducted using a two-key foodreinforced cocaine discrimination procedure that has been described previously in detail (Banks et al., 2013) . Experimental sessions were conducted in each monkey's home chamber. A custom operant response panel with three horizontally arranged square response keys was attached to the front of the home chamber, and only the left and right keys were used in the present studies. A pellet dispenser (Med Associates, ENV-203-1000, St. Albans, VT) was bolted to each panel. Equipment operation and data collection were accomplished with a Windows-based computer and MED-PC IV software (Med Associates).
Monkeys were trained to discriminate 0.32 mg/kg cocaine intramuscularly (IM) from saline. Training was conducted 5 days per week during daily sessions composed of multiple components. Each component consisted of a 5-min response period, during which the right and left response keys were transilluminated red and green, respectively, and monkeys could earn up to 10 food pellets by responding under a fixed-ratio (FR) 30 schedule of food presentation. Training sessions were composed of three components presented at 2-h intervals, and either saline or cocaine (0.32 mg/kg) was administered IM approximately 15 min prior to the start of each component. On training days, monkeys received a sequence of saline (S) and cocaine (C) injections in the order SSS, SSC, SCS, CSS, SCC, CSC, CCS, or CCC. These sequences were presented to engender daily experience with randomized sequences of saline-and cocaine-appropriate components. The 2 h intercomponent interval exceeded the time course of discriminative stimulus effects produced by the cocaine-training dose (Lamas et al., 1995) , and thereby minimized effects of cocaine administered in earlier trials on performance during later trials on the same day. Following saline administration, only responding on the green key (the saline-appropriate key) produced food, whereas following 0.32 mg/kg cocaine administration, only responding on the red key (the cocaine-appropriate key) produced food. Responses on the inappropriate key reset the FR requirement on the appropriate key. The criterion for accurate discrimination was ≥ 85% injection-appropriate responding before delivery of the first reinforcer, ≥90% injection-appropriate responding for the entire component, and rates of responding ≥ 0.1 responses/s (sufficient to earn at least one pellet) for all components during 7 of 8 consecutive sessions.
Test sessions were identical to training sessions except that (a) responding on either key produced food, (b) monkeys received only one injection of vehicle or a test drug dose at the start of the session, and (c) 5-min response components began 10, 30, 56, 100, 180, 300, and 560 min after the injection to assess the time course of drug effects. If > 50% cocaine-appropriate responding was still observed in any monkey after 560 min, then additional response components began after 24 h in all monkeys. The drugs and dose ranges tested were: benzphetamine (10-18 mg/kg) and d-amphetamine (0.032-0.32 mg/ kg). Test sessions were generally conducted on Tuesdays and Fridays with training sessions conducted on Mondays, Wednesdays, and Thursdays. Test sessions were conducted only if performance during the previous two training sessions met the criteria for accurate discrimination (described above). Benzphetamine doses were tested twice, whereas d-amphetamine doses were tested once in each monkey. All studies with a drug were completed in a given monkey before testing the next drug in that monkey, and vehicle (saline) test sessions were conducted before or after evaluation of each test drug. The order of both drug doses and drugs was counterbalanced across monkeys.
Pharmacokinetic studies
After completion of behavioral studies, the same monkeys were used to evaluate pharmacokinetics of behaviorally active benzphetamine and d-amphetamine doses. Monkeys were transferred to primate restraint chairs and fitted with temporary intravenous catheters (24 gauge Exel safelet catheter, Fisher scientific, Pittsburg, PA) inserted into a saphenous vein. Blood samples (1-2 mL) were collected in Vacutainer© tubes containing 3 mg of sodium fluoride and 6 mg sodium ethylenediaminetetraacetic acid before and 10, 30, 56, 100, 180, 300 min, 24 h, and 48 h after 18 mg/kg (IM) benzphetamine or 0.32 mg/kg d-amphetamine administration. Drugs were tested in a counterbalanced order across monkeys with at least two weeks between experiments. Samples were immediately centrifuged at 1000g for 10 min. The plasma supernatant was transferred into a labeled storage tube and frozen at − 80°C until analyzed. The identification and quantification of benzphetamine, d-methamphetamine, and d-amphetamine were accomplished using an API-5000 with a turbo V source for Turbolon Spray (Applied Biosystems, Foster City, CA) run in multiple reaction monitoring mode (MRM) and attached to a Waters Acquity UPLC system (Milford, MA) controlled by Analyst 1.4.2 software. The column used was a Phenomenex (Torrance, CA) Synergi Hydro-RP (50 × 2 mm, 4 μm) with mobile phases consisting of A: 10 mM ammonium bicarbonate, pH 7.0, and B: Acetonitrile:Methanol (50:50) and a flow rate of 500 μL/ M.L. Banks et al. Pharmacology, Biochemistry and Behavior 156 (2017) 30-38 min. Initial chromatography conditions consisted of 5% B held for 1 min and increased to 95% B over 1 min, and then held at 95% B for 2 min before returning to initial conditions. The first min of flow was diverted to waste while make-up solvent was pumped to the mass spectrometer. d-Amphetamine, d-methamphetamine, and benzphetamine were monitored in positive electrospray mode with an MRM transitions of 136.032 → 91.200, 149.805 → 91.000, and 226.010 → 90.900, respectively. Mass spectrometer parameters were as follows: CUR = 10, GS1 = 50, GS2 = 60, IS = 2000, TEM = 600°C, CAD = 10.
Data analysis
For pharmacodynamics studies, the primary dependent measures were (1) percent cocaine-appropriate responding (%CAR) (defined as (number of responses on the cocaine-associated key divided by the total number of responses on both the cocaine-and saline-associated keys)*100), and (2) rates of responding during each component. These dependent measures were then plotted as a function of time after drug or saline administration. Percent CAR and rates of responding were analyzed using linear mixed effect analysis with drug dose and time as the main fixed effects and subjects as the random effect (JMP Pro 12.1, SAS, Cary, NC). A significant drug × time interaction was followed by the Dunnett's post-hoc test for comparison to vehicle (saline) conditions within a given time point. Significance was set a priori at the 95% confidence level. Drug doses that produced ≥ 90% cocaine-appropriate responding were considered to produce full substitution.
For pharmacokinetic studies, the primary dependent measures were plasma levels of benzphetamine, d-methamphetamine, and d-amphetamine in ng/ml. These dependent measures were then plotted as a function of time. Pharmacokinetic parameters after 0.32 mg/kg damphetamine or 18 mg/kg benzphetamine administration were estimated using a one-compartment extravascular model with an assumption of no lag time for the intramuscular dose route (WinNonlin version 2.1, Pharmsight, Princeton, NJ).
Two approaches were used to compare the time course of drug effects in the cocaine discrimination procedure with the time course of plasma levels of benzphetamine, d-methamphetamine, and d-amphetamine. For both approaches, the plasma level of benzphetamine, dmethamphetamine, or d-amphetamine at each time point was plotted on the X-axis, and drug effect on either cocaine-appropriate responding or response rate was plotted on the Y-axis. The correlation between these two variables independent of time was evaluated by calculating the Pearson correlation coefficient (r) and the coefficient of determination (r 2 ). Additionally, to incorporate the variable of time, the data within each graph were also assessed as hysteresis plots (Banks et al., 2015; Banks et al., 2016) . For graphs relating plasma drug/metabolite levels to rate-decreasing behavioral effects, rate suppression was transformed to Percent Rate Suppression using the equation {1 − [(saline control rate-test rate) / saline control rate]) * 100}.
Drugs
(−)-Cocaine HCl was supplied by the National Institute on Drug Abuse Drug Supply Program (Bethesda, MD). d-Amphetamine hemifumarate and racemic benzphetamine HCl were purchased from SigmaAldrich (St. Louis, MO). All drugs were dissolved in sterile water. Drug doses were calculated and expressed using the salt forms listed above. M.L. Banks et al. Pharmacology, Biochemistry and Behavior 156 (2017) 30-38 3. Results
Effects of control treatments and d-amphetamine
On cocaine and saline training days preceding all test days, mean ± s.e.m. percent injection-appropriate responding was 99.9 ± 0.1% and 100 ± 0%, respectively. Rates of operant responding (mean ± s.e.m.) during cocaine and saline training components were 2.1 ± 0.4 and 2.3 ± 0.4 responses/s, respectively. On test days, saline injections engendered primarily saline-appropriate responding (< 10% cocaine-appropriate responding) at all time points (Figure panels 1A and 2A) and had no effect on rates of operant responding (Figure panels 1B and 2B) . Fig. 1A also shows that d-amphetamine produced dose-and timedependent cocaine-appropriate responding in all 3 monkeys (d-amphetamine dose: F 3,54 = 7.59, p < 0.0001). 0.1 mg/kg d-amphetamine produced full substitution in 2 monkeys, and 0.32 mg/kg d-amphetamine produced full substitution in all monkeys. These doses of damphetamine did not significantly alter rates of operant responding (Fig. 1B) . Fig. 1C shows plasma d-amphetamine levels as a function of time after 0.32 mg/kg d-amphetamine administration. Plasma d-amphetamine levels peaked at 91.6 ng/mL with a time to maximum levels (Tmax) of 100 min; d-amphetamine levels were still detectable (~16 ng/mL) at 48 h post-administration. Fig. 1D shows a significant positive correlation between the cocaine-like discriminative stimulus effects of 0.32 mg/kg intramuscular d-amphetamine and the time course of d-amphetamine plasma levels (R 2 = 0.99, p < 0.0001). This relationship was characterized by a narrow clockwise hysteresis loop.
Effects of benzphetamine
In contrast to d-amphetamine, benzphetamine did not produce a significant dose-or time-dependent increase in cocaine-appropriate responding up to a dose that significantly decreased rates of operant responding at the 10-min time point (time: F 6,18 = 5.75, p = 0.0017; interaction: F 12,36 = 3.0, p = 0.0053). As a result, individual subject data for benzphetamine in the discrimination procedure are shown in panels A and B in Figs. 2-5. 18 mg/kg benzphetamine produced full substitution in 2 monkeys for at least one time point, and the peak cocaine-like effects occurred at 100 and 180 min for these 2 monkeys (Monkeys M1488 and M1439, Figs. 2-3) . Maximal cocaine-appropriate responding was 88% at 30 min in the third monkey (M1479, Fig. 4) , and this was bracketed by periods when benzphetamine eliminated rates of operant responding. In the fourth monkey, cocaine-appropriate responding never exceeded 10% (Monkey M1357, Fig. 5 ).
Figs. 2-5 also show individual subject results for plasma benzphetamine (Panel C), d-methamphetamine (Panel D), and d-amphetamine (Panel D) levels as a function of time after 18 mg/kg benzphetamine. Plasma benzphetamine levels generally peaked at 180 min; benzphetamine levels were still detectable at low levels (~2 ng/mL) at 48 h. Plasma d-methamphetamine levels peaked between 56 and 180 min between monkeys; levels persisted at low (~1 ng/mL), but still detectable, levels 48 h post-benzphetamine administration. Plasma damphetamine levels generally peaked at 24 h; levels remained elevated after 48 h. Fig. 6 shows the PK/PD analysis of plasma benzphetamine (A, B), dmethamphetamine (C, D), and d-amphetamine (E, F) levels and either cocaine-like discriminative stimulus (top panels) or rate-altering (bottom panels) effects. There was not a positive correlation between plasma levels of any drug or metabolite and any behavioral effect, although there was a negative correlation between rate-decreasing effects and plasma d-amphetamine levels (i.e. greatest rate decreasing effects at lowest d-amphetamine levels) (Fig. 6F) . Counter-clockwise hysteresis loops related both plasma benzphetamine and d-methamphetamine levels to percent cocaine-appropriate responding; whereas, clockwise hysteresis loops related plasma benzphetamine and dmethamphetamine levels to percent rate suppression. Furthermore, a clockwise hysteresis loop was observed relating behavioral effects and plasma d-amphetamine levels after benzphetamine administration. However, these relationships were a poor fit as noted by the R 2 values and none of the correlations were significant.
Discussion
The present study aim was to compare benzphetamine cocaine-like discriminative stimulus effects with plasma benzphetamine, d-amphetamine, and d-methamphetamine levels in the rhesus monkeys. There were three main findings. First, d-amphetamine produced full cocainelike effects in all monkeys, whereas benzphetamine produced full cocaine-like effects in only 2 out of 4 monkeys. In addition, benzphetamine was both less potent and displayed a slightly slower onset of discriminative stimulus effects compared to d-amphetamine. Second, pharmacokinetic results demonstrated that benzphetamine administration was associated with the sequential emergence of both d-methamphetamine and d-amphetamine plasma levels, although d-amphetamine levels did not peak until 24 h later. These results support the proposition that benzphetamine functions as a prodrug for both d-methamphetamine and d-amphetamine. Lastly, neither the cocaine-like discriminative stimulus effects nor the rate-decreasing effects of benzphetamine were positively correlated with plasma levels of benzphetamine, d-amphetamine, or d-methamphetamine. This finding suggests that neither the parent compound nor generation of d-amphetamine or dmethamphetamine as active metabolites is sufficient to account for benzphetamine behavioral effects. These results have implications for the use of benzphetamine as a candidate medication for treatment of cocaine use disorder.
Cocaine-like effects of benzphetamine
Agonist-like medications for substance use disorder treatment are founded upon the principle that the medication shares similar pharmacodynamic mechanisms with the target abused drug. The present results suggest that benzphetamine may function as a potential "agonist-like" medication for cocaine use disorder. First, the incomplete benzphetamine substitution profile for cocaine in the present study was consistent with incomplete substitution profile in rhesus monkeys trained to discriminate intragastric d-amphetamine (de la Garza and Johanson, 1987) . Furthermore, benzphetamine produced partial substitution in humans trained to discriminate oral d-amphetamine (Chait and Johanson, 1988) . In contrast, benzphetamine failed to substitute in pigeons trained to discriminate d-amphetamine (Evans and Johanson, 1987) . However, the pretreatment time for the pigeon studies was 10 min and based on the present results, that may have contributed to the lack of effect. Second, the present results extended the previous benzphetamine study in monkeys by determining the time course of benzphetamine effects. Benzphetamine did not display a slower onset of cocaine-like effects compared to d-amphetamine as peak discriminative stimulus effects for both drugs occurred at the 56-min time point. Because benzphetamine failed to produce significant cocaine-like effects at the group analysis level, comparisons for duration of action are complicated by the lack of benzphetamine effect. However, in the 2 monkeys that benzphetamine did produce ≥90% cocaine-appropriate responding, cocaine-like effects were back to saline-like levels, ≤15% cocaine-appropriate responding, at 24 h. Lastly, benzphetamine was 180-fold less potent than d-amphetamine in the 2 monkeys for which benzphetamine did produce ≥ 90% cocaine-appropriate responding. The lower potency of benzphetamine compared to d-amphetamine in the present study was consistent with previous monkey (de la Garza and Johanson, 1987) and human results (Chait and Johanson, 1988) . Overall, the present result supports the potential of benzphetamine to produce pharmacodynamically similar effects to cocaine, albeit with significant individual subject variability. Fig. 2 . Behavioral effects and pharmacokinetics of benzphetamine in an individual rhesus monkey trained to discriminate intramuscular cocaine (0.32 mg/kg) from saline. Panels A and B show potency and timecourse of cocaine-like discriminative stimulus (A) or rate-altering (B) effects following benzphetamine (10-18 mg/kg, IM). Symbols above "S" and "C" represent means ± SEM for all training sessions preceding test sessions when the saline-and cocaine-associated keys were correct, respectively. Panel C shows plasma benzphetamine levels as a function of time (log scale) following 18 mg/kg intramuscular benzphetamine. Panel D shows plasma d-methamphetamine and d-amphetamine levels as a function of time (log scale) following 18 mg/kg intramuscular benzphetamine. Fig. 3 . Behavioral effects and pharmacokinetics of benzphetamine in an individual rhesus monkey trained to discriminate intramuscular cocaine (0.32 mg/kg) from saline. Otherwise, details are as described in Fig. 2. M.L. Banks et al. Pharmacology, Biochemistry and Behavior 156 (2017) 30-38 
Relationship between plasma drug levels and benzphetamine behavioral effects
Plasma d-amphetamine levels were related to d-amphetamine discriminative stimulus effects according to a narrow clockwise hysteresis loop. The clockwise hysteresis loop observed in the present study with d-amphetamine is consistent with and extends previous human laboratory PK/PD findings correlating plasma d-amphetamine levels with either subjective or cardiovascular effects (Angrist et al., 1987; Brauer et al., 1996) . A clockwise hysteresis loop suggests the pharmacodynamic effect decreased as a function of time for a given drug level and may be indicative of acute tolerance (Louizos et al., 2014) , Fig. 4 . Behavioral effects and pharmacokinetics of benzphetamine in an individual rhesus monkey trained to discriminate intramuscular cocaine (0.32 mg/kg) from saline. Otherwise, details are as described in Fig. 2 . Fig. 5 . Behavioral effects and pharmacokinetics of benzphetamine in an individual rhesus monkey trained to discriminate intramuscular cocaine (0.32 mg/kg) from saline. Otherwise, details are as described in Fig. 2. M.L. Banks et al. Pharmacology, Biochemistry and Behavior 156 (2017) 30-38 although the narrow shape of the hysteresis loop suggests that the magnitude of acute tolerance was small. The exact mechanisms of any acute tolerance during the time course of d-amphetamine discriminative stimulus effects remains to be elucidated, but the consistency of the present d-amphetamine results provide an empirical foundation to correlate benzphetamine behavioral effects with plasma benzphetamine, d-methamphetamine, and d-amphetamine levels. Benzphetamine administration resulted in detectable plasma dmethamphetamine and d-amphetamine levels over the 48-h monitoring period. These results in monkeys are consistent with and extend previous urinalysis and hair results in humans (Cody and Valtier, 1998) and plasma results in rats (Kikura and Nakahara, 1995) demonstrating that benzphetamine is metabolized to both d-methamphetamine and d-amphetamine. Plasma d-methamphetamine levels after benzphetamine administration were of similar magnitude and duration compared to those observed after intramuscular d-methamphetamine (0.32 mg/kg) alone in monkeys . In addition, plasma d-amphetamine levels after benzphetamine administration reached similar peak levels compared to those observed after damphetamine (0.32 mg/kg) alone in the present study, albeit with time course differences. Moreover, peak d-amphetamine levels were greater than peak d-methamphetamine levels in all 4 monkeys suggesting that metabolism of d-methamphetamine to d-amphetamine was not the only metabolic pathway generating d-amphetamine after benzphetamine administration. N-demethylation of benzphetamine to desmethylbenzphetamine has been proposed as one potential benzphetamine metabolite that could then be further metabolized to d-amphetamine in humans (Fig. 7) (Cody and Valtier, 1998) . The present benzphetamine pharmacokinetic results in monkeys provide additional empirical support for desmethylbenzphetamine as an intermediary benzphetamine metabolite to d-amphetamine.
Despite benzphetamine producing plasma d-methamphetamine and d-amphetamine levels that were sufficient to produce behaviorallyactive effects when these compounds were administered alone present study) , benzphetamine displayed an incomplete substitution profile for cocaine in the discrimination procedure. For example, one of the two monkeys (M1357) that displayed the highest dmethamphetamine and d-amphetamine levels was also one of the monkeys in which benzphetamine failed to produce full cocaine-like effects. Whether these discrimination results are the consequence of pharmacological activity of benzphetamine or a metabolite at the dopamine transporter or the temporal pattern of plasma drug levels M.L. Banks et al. Pharmacology, Biochemistry and Behavior 156 (2017) 30-38 remains to be fully elucidated. Furthermore, significant rate-altering effects were observed a time point (10 min) of low benzphetamine, dmethamphetamine, and d-amphetamine levels suggesting that some other benzphetamine metabolite contributed to this behavioral effect. For example, methylbenzene (i.e. toluene) might be one potential metabolic product from the biotransformation of benzphetamine to dmethamphetamine that could contribute to benzphetamine rate-altering effects (Cody and Valtier, 1998) . Previous studies in mice have demonstrated that toluene produced rate-altering effects in a toluene discrimination procedure (Shelton, 2007) . Overall, the present results suggest that benzphetamine has a complex metabolic pathway that complicates PK/PD analysis of its behaviorally-active metabolites.
Implications for benzphetamine as a candidate medication for cocaine use disorder
Prodrug formulations of monoamine releasers represent one drug development method for addressing abuse liability concerns of candidate "agonist-like" pharmacotherapies for substance use disorder treatment. Although benzphetamine produced full cocaine-like effects in a subset of monkeys and generated plasma d-amphetamine levels similar to d-amphetamine administration alone, there are two potential considerations regarding further evaluation of benzphetamine as a candidate pharmacotherapy for cocaine use disorder treatment. First, the incomplete substitution profile of benzphetamine for cocaine in monkeys and d-amphetamine in humans suggests that patient compliance may be an issue (Grabowski et al., 2004; Kreek et al., 2002) . Thus, one potential disadvantage of prodrug formulations is the reliance on the research subject or patient to generate the active metabolite, and there is considerable biological/genetic variation in hepatic enzyme activity that may contribute to PK/PD variance (Huttunen et al., 2011) . Furthermore, prodrug formulations may also generate metabolites other than the metabolite of interest, and these metabolites may have biological activity that might either 1) oppose effects of the metabolite of interest, or 2) produce undesirable behavioral effects. Second, the present benzphetamine results can be compared with another damphetamine prodrug, lisdexamfetamine, which has been evaluated under similar experimental procedures. Lisdexamfetamine requires enzymatic hydrolysis via red blood cells, not hepatic enzymes, for bioconversion to the active d-amphetamine metabolite and the amino acid L-lysine (Pennick, 2010) . In contrast to benzphetamine, lisdexamfetamine displayed a slow onset and prolonged duration of action in the cocaine discrimination procedure that was consistent in all monkeys (Banks et al., 2015) . Furthermore, lisdexamfetamine generated peak plasma d-amphetamine levels (~350 ng/mL) that were approximately 3-fold higher and without a significant decrease in rates of operant responding compared to benzphetamine. Although lisdexamfetamine also retained treatment effectiveness to decrease cocaine vs. food choice in monkeys (Banks et al., 2015; Johnson et al., 2016) , a pilot clinical trial with a moderate lisdexamfetamine dose did not significantly decrease cocaine use (Mooney et al., 2015) . Although prodrug formulations offer the potential to reduce undesirable effects of the active metabolite, the clinical effectiveness of prodrug formulations as candidate pharmacotherapies for cocaine use disorder treatment remains to be fully elucidated.
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